Within the B cell antigen receptor (BCR), the cytoplasmic tails of both Ig␣ and Ig␤ are required for normal B cell development and maturation. To dissect the mechanisms by which each tail contributes to development in vivo, Ig␤ ؊/؊ mice were reconstituted with retroviruses encoding either wild-type Ig␤, an Ig␤ molecule lacking a cytoplasmic tail (Ig␤ ⌬C ) or one in which the cytoplasmic tail was derived from Ig␣ (Ig␤ C␣ ). All constructs rescued B cell development and generated immature B cell populations in the bone marrow with similar expression levels of both Ig␤ and membrane-bound IgM. In the periphery, receptor-surface density was inversely proportional to the number of Ig␣ tails in the BCR. Although peripheral-surface-receptor levels differed, splenic B cells expressing either Ig␤ or Ig␤ C␣ responded similarly to stimulation through the BCR. Analysis of membrane-bound IgM and Ig␤ expression revealed that peripheral-receptor expression was primarily determined by positive selection between the bone marrow and peripheral immature B cell populations. These data indicate that B cells are selected into the periphery on the basis of a common level of antigen responsiveness.
S
ignals through the B cell antigen receptor (BCR) or its surrogates are required for B cell development, central and peripheral tolerance, and responses to antigen (1, 2) . The earliest stage at which BCR signaling is required is the pro-to pre-B cell transition. At this stage the Ig␣-Ig␤ heterodimer initiates allelic exclusion, clonal expansion, and light-chain rearrangement (3) (4) (5) . The cell fate of immature B cells, which express heavy and light chains associated with Ig␣-Ig␤, is determined by ligandmediated receptor aggregation (6, 7) . Cells that survive negative selection transit to the periphery, where they mature.
In addition to negative selection, recent evidence indicates that developing B cells may also undergo positive selection. Antigen-based positive selection has been conclusively demonstrated in peritoneal B-1 B cells (8) and has been suggested in marginal zone B cells (9) . Evidence for positive selection of conventional B-2 cells is more circumstantial. Analysis of lightchain rearrangements in HSA ϩ and HSA Ϫ splenic B cells indicates that the repertoire shifts during maturation (10) . One limitation of this study is that the analyzed HSA ϩ population may also contain mature marginal zone B cells, which have a restricted repertoire. Thus, the evidence for positive selection in follicular B cells remains inconclusive.
In vitro studies indicate that Ig␣ and Ig␤ have unique signaling capacities, with Ig␣ being the primary activator of tyrosine kinases (11) (12) (13) . Complementary in vivo studies have demonstrated that the cytosolic tail of Ig␣ is more important for early B cell development, whereas the tails of both Ig␣ and Ig␤ are required for peripheral B cell maturation (14) (15) (16) . These studies demonstrate the relative requirements for Ig␣ and Ig␤ at discrete stages of B cell development and maturation. However, they do not provide insights into the processes evoked by each chain to establish peripheral B cell populations.
To examine how the different cytoplasmic domains of Ig␣ and Ig␤ contribute to B cell development and selection, we used a bicistronic, GFP-expressing retroviral vector to reconstitute Ig␤ Ϫ/Ϫ bone marrow with surface antigen receptors containing either one Ig␣ tail, one Ig␣ and one Ig␤ tail, or two Ig␣ tails. As expected, the Ig␣ tail was more potent than the Ig␤ tail in reconstituting B cell development. Analysis of GFP expression, BCR surface densities, and receptor-mediated proliferation indicated that B lymphocytes were positively selected into the periphery based on both the intrinsic functional capacity of the BCR and the surface density. These data indicate that surviving negative selection is insufficient for residence in the peripheral B cell pool; a threshold of antigen responsiveness is also required.
Materials and Methods
Construction of Ig␤ and Variants. Ig␤ (b29), Ig␣ (mb-1), and derivative mutants were cloned from BALB͞c splenocyte cDNA by using PCR. All PCR products were ligated into pGEM-T (Stratagene), sequenced, and then subcloned into MIG-R1 (17) . transferred to nitrocellulose filters (VWR Scientific). The filters were blocked in tris-buffered saline͞0.05% Tween 20 containing either 5% skim milk or BSA. Filters were incubated in primary antibodies, washed and then incubated in a horseradish peroxidase-conjugated secondary reagent and washed. Filters were developed by using enhanced chemiluminescence (Amersham Pharmacia Biosciences).
Retroviral Infection of Progenitor-Enriched Cultures and Bone Marrow
Transfer. Infection of bone marrow cells from Ig␤ Ϫ/Ϫ BALB͞c mice (23) with retroviral supernatants and adoptive transfer of these cells into lethally irradiated (900 rad) 6-to 8-week-old RAG-2 Ϫ/Ϫ BALB͞c mice (The Jackson Laboratory) was performed as described (24) with the modification that IL-7 (20 ng͞ml) was added to the ex vivo cultures.
Flow Cytometric Analysis of Bone Marrow and Splenic B Cells. Six to eight weeks after adoptive transfer, bone marrow and splenocytes were harvested and erythrocyte-depleted. Bone marrow cells were stained for cell-surface marker expression by using anti-CD19-biotin followed by PerCP-streptavidin, anti-IgM-Cy5, and anti-CD43-PE (Pharmingen). GFP ϩ , B220 
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Retroviral Expression of Ig␤ wt Rescues Cell-Surface BCR Expression.
In vitro studies have demonstrated that Ig␣ and Ig␤ have significantly different signaling capacities (13, 22, (25) (26) (27) . To assess the roles of these domains in vivo, cDNAs encoding the cytoplasmic tail of Ig␣ or Ig␤ fused to the extracellular and transmembrane domains of Ig␤ were constructed and cloned into the retroviral vector MIG-R1 (Fig. 1) (Fig. 1 A) .
To examine the fidelity of each encoded protein, we established stable transfectants of the AtT20 cell line expressing Ig␣, heavy chain, and light chain. This cell line, designated R142, was transfected with retroviral plasmid encoding each Ig␤ molecule. Lysates from each line were resolved by SDS͞PAGE and immunoblotted with anti-Ig␤ antibodies as above. As seen in with PNGase F, which removes N-linked glycosyl residues, resulted in core proteins with the predicted relative molecular weights of Ϸ24,000 (Ig␤ wt ), 30,000 (Ig␤ C␣ ), and 17,000 (Ig␤
We next determined whether each Ig␤ molecule could productively assemble with the other components of the BCR. As seen in Fig. 1C , all the Ig␤ molecules were capable of rescuing cell-surface expression of IgM. We also verified that GFP expression was an accurate surrogate of Ig␤ expression by staining permeabilized transfected Phoenix cells for intracellular Ig␤ (Fig. 1D) . recipients by retroorbital injection. After 6-8 weeks, the mice were killed, and bone marrow aspirates were analyzed by multiparameter flow cytometry.
Bone marrow from reconstituted mice was stained for the pan-B cell marker CD19 and the pro-B cell marker CD43, and GFP (Fig. 3B) . In contrast, splenocytes from mice reconstituted with Ig␤ C␣ expressed half as much sIgM (representative MFI IgM ϭ 91) than mice reconstituted with Ig␤ wt . The differences in sIgM expression were paralleled by observed differences in GFP expression (Fig. 3B) ) stages for all three constructs was observed (n ϭ 6) (Fig. 4 and unpublished data) . Changes in GFP corresponded to differences in receptor-surface expression, indicating that particular receptor densities are selected for at each stage of maturation. The composition of the BCR complex did not influence whether peripheral cells differentiated into mar- (6), which could have occurred as a consequence of signaling through a receptor complex more signalingcompetent than the wild type. Alternatively, these cells could be functional, expressing lower surface-receptor levels as a result of selection to maintain a certain level of cellular responsiveness to antigen. To discern between these possibilities, splenic B cells expressing either Ig␤ wt or Ig␤ C␣ were stimulated in vitro with antibodies to the B cell receptor in the presence of mIL-4 (100 ng͞ml), and [ 3 H]thymidine incorporation was assayed. As seen in Fig. 5 , Ig␤ C␣ cells proliferated similarly to B cells reconstituted with Ig␤ wt . In three independent experiments, the difference between Ig␤ C␣ and Ig␤ wt proliferation amounted to one standard error and was not statistically significant (P ϭ 0.35, 95% confidence interval for fold increase ranged from 0.91 to 1.32). This finding indicates that Ig␤ C␣ cells, despite their reduced cell-surface BCR density, are not anergic.
Discussion
Our data demonstrate that, at many stages in B cell development, selection occurs for a window of net B cell antigen receptor responsiveness to ligand. Receptor complexes with high intrinsic responsiveness establish low receptor densities, whereas those with low intrinsic responsiveness establish high densities. Furthermore, each successive stage of B cell development, from pre-B cells to peripheral transitional cells, requires successively higher receptor densities.
Only a limited number of mechanisms could result in populations of cells expressing different and increasing levels of a retrovirally encoded protein. Cell-endogenous mechanisms are capable of silencing proviral transcription, but evidence does not show that transcription driven by the LTR can be up-regulated by endogenous lymphoid-specific transcription factors. It is possible that a retrovirally expressed protein could be regulated posttranslationally, but such a modification would not affect GFP expression. In our system sIg, a surrogate for productive Ig␤ expression, consistently paralleled GFP expression. Therefore, we conclude that the different levels of Ig␤ Previous reports have indicated that antigen-receptor density is controlled by regulating the promoters of receptor constituents and, posttranslationally, through retention in the endoplasmic reticulum (30) . The relative importance of these mechanisms and the positive selection that we observed is uncertain. It is likely that normal transcriptional and posttranslational regulatory mechanisms define a narrower range of expression than that provided by the retroviral LTR. For example, retroviral expression of Ig␤ ⌬C rescues peripheral development to an extent not possible in the Ig␤ ⌬C knock-in mouse. However, B cells bearing targeted mutations of either CD19 or Btk, which lie along a common signaling pathway, have increased B cell receptor surface densities (31) (32) (33) . Additionally, other investigators have demonstrated a relationship between receptor affinity and surface density (34) (35) (36) . Therefore, it is likely that selection for receptor density is an important mechanism by which receptor threshold is controlled in vivo.
In comparison with later development, little selection occurs between the pro-B and pre-B cell pools. We did not observe a dramatic shift in mean GFP levels between the two compartments, regardless of which Ig␤ molecule was being expressed. Rather, GFP (and by extension Ig␤) expression in pre-B cells seemed to be restricted as a result of preferential expansion of pro-B cells expressing intermediate levels. These findings corroborate observations in B cells bearing targeted truncations of either the Ig␣ or Ig␤ cytosolic tail, which suggests that the signaling requirements for early development are not stringent (14, 37) .
Peripheral development, in contrast, is subject to very rigorous selection. B cells recovered from the periphery had varying levels of surface IgM, depending on the composition of their B cell receptors. Cells expressing a receptor containing only one cytoplasmic tail expressed the highest levels of sIgM, whereas cells reconstituted with a receptor containing two Ig␣ cytoplasmic tails expressed the lowest levels. Differences in IgD expression were less marked, possibly because IgD has a higher affinity for Ig␣-Ig␤ than IgM and would preferentially assemble into receptor complexes in the endoplasmic reticulum (38) . Despite their differing surface Ig expression levels, splenocytes recov- ered from mice reconstituted with each of the Ig␤ molecules contained mature, functional B2 cells (CD5 Ϫ , B220 ϩ , sIg ϩ , and AA4.1 Ϫ ). These cells proliferated to BCR crosslinking in the presence of IL-4. Thus, the alteration of the B cell receptor composition in these cells did not affect their functionality or impede their maturation.
Upper and lower B cell receptor expression thresholds existed in the periphery, implying that both negative and positive selection pressures were active. Negative selection in B lymphocytes is well documented (6, 7) . Evidence for positive selection, either dependent or independent of antigen, is much more circumstantial (8, 10, 39) . Surface Ig expression is required for maintenance of peripheral B cells, defining at least a permissive requirement for receptor signaling (40) . Transit into the peripheral B cell pool is associated with significant skewing of receptor repertoire, implying that antigen receptor specificity may play a role in initiating signals that determine which cells are selected (10) .
In this study, retroviral gene transduction was used to reconstitute Ig␤-deficient mice with B cell antigen receptor complexes that had different functional capacities. The use of retroviral vectors allowed us to detect possible mechanisms of receptor regulation indiscernible with gene-targeting techniques. This approach allowed us to directly demonstrate that developing B cell populations are selected into the periphery based on the functional capacity of the antigen receptor expressed on the cell surface. Our data indicate that, in addition to negative selection, B cells are positively selected for a minimal receptor functional capacity. Simple neglect is not sufficient to populate the peripheral B cell pool. Therefore, we conclude that both positive and negative processes determine which B lymphocytes are selected into the periphery.
